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 Crossflow mode is effective in electrofiltration of ibuprofen and bisphenol A. 













 Crossflow mode exhibited great outcome eliminating ibuprofen and bisphenol A. 
 Crossflow mode displayed superiority over dead-end mode in electrofiltration.  
 
Abstract 
For the first time, a crossflow electrochemical filtration system containing multiwalled carbon 
nanotubes (MWNTs) blended with buckypaper as a flat sheet dual membrane electrode was 
investigated for the removal of two contaminants of emerging concern, Ibuprofen and Bisphenol 
A. Breakthrough experiments revealed that a crossflow configuration could be highly efficient in 
eliminating both contaminants at applied DC potentials of 2 and 3 V over an extended period, 
from pure salt electrolyte as well as from synthetic secondary wastewater effluent.  
The shear flow provided consistent surface coverage resulting in excellent sorption performance. 
The long residence time of the two contaminants within the membrane (18.3 seconds) was 
sufficient enough to allow for almost complete degradation of phenolic aromatic products and 
quinoid rings and the resulting formation of aliphatic carboxylic acids, which was more evident 
at a higher applied potential (3 V). The formation of the non-toxic aliphatic carboxylic acids is a 
clear indication of the superior electrochemical performance of the crossflow mode over the 
dead-end flow-through system. Moreover, this study provides an in-depth understanding of 
different factors such as filter surface area and residence time that can greatly affect the removal 
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1. Introduction  
Electrochemical filtration is an emerging technology that aims to advance both electrochemical 
degradation and adsorptive filtration. Advanced oxidation processes are a group of methods that 
rely mainly on in-situ generation of reactive species to remove harmful and persistent 
contaminants from water and wastewater [1-4]. Other processes rely on physicochemical 
properties of contaminants for their removal [5-8]. Electrochemical methods have shown to be of 
a variety of vital applications in water science and contaminants detection [9-15]. 
Electrochemical filtration combines the favorable outcomes of these processes and reduces their 
limitations, aiming for effective elimination of trace organic contaminants of a persistent and 
hazardous nature. The incorporation of electrochemistry with the sorption mechanism can reduce 
the membrane-fouling rate and increase sorption efficiency through the destruction of adsorbed 
organic foulants. This results in a reduced requirement for membrane regeneration through 
chemical or physical cleaning processes to maintain optimal permeability [16, 17]. 
There exists a vast body of research on crossflow filtration for water and wastewater treatment, 
and the enhancement of antifouling capacity during crossflow filtration [18-30]. The inclusion of 
electrical fields to contribute an increased antifouling capacity during crossflow micro- and ultra-
filtration has also been extensively examined in previous studies [31-44]. In these studies, an 













to decrease the propensity toward micro- and ultra-membrane fouling and thus improve 
membrane expectancy and maintain permeate efficiency.  
The application of crossflow filtration in the electrochemical degradation of emerging 
contaminants (ECs) of a particularly hazardous and persistent nature is a subject of evolving 
interest, which requires a more insightful understanding [45-48]. The advantage of using carbon-
based electrodes is their high adsorption affinity toward organics at low or no voltage, resulting 
in higher filtration efficiency. In previous studies, it was shown that carbon nanotubes (CNTs) 
demonstrate excellent efficiency in the removal of emerging contaminants and viral and bacterial 
inactivation in dead-end electrochemical filtration processes [49, 50]. In our previous studies, the 
removal of potentially health affecting concentrations of ibuprofen, an anti-inflammatory drug 
found in natural water bodies and wastewaters, was investigated. In this study, we employed a 
conductive carboxylated multi-walled carbon nanotube (MWNTs-COOH) membrane electrode 
in a dead-end electrochemical filtration process [50]. Employing the same dead-end 
electrochemical filtration system under different applied conditions, bisphenol A, an endocrine-
disrupting chemical reported to be released into natural water and wastewater from different 
industries, was also successfully removed [51].  
In the current study, superconductive MWNTs blend buckypaper electrode membranes were 
used in a crossflow electrochemical filtration setup to study the removal of both ibuprofen and 
bisphenol A. The purpose of this study was to observe, for the first time, the electrochemical 
removal performance of both contaminants from pure electrolytic solutions in a crossflow 
filtration mode. Moreover, it aimed to observe the removal of these contaminants from a mixture 
of organics, free electrolytes, and competing electrolytic conditions using synthetic secondary 













life applications. The ultimate goal was to identify and highlight the differences between 
crossflow electrochemical filtration for the removal of these two contaminants, and previously 
reported outcomes from dead-end electrochemical filtration using CNTs based membrane 
electrodes. The study provides novel insight into the advantages of crossflow mode over 
conventional dead-end mode in the removal of contaminants, in particular, those of emerging 
concern. In addition, this study identified the influential factors that govern the efficacy of 
crossflow mode in electrochemical treatments. Critical factors such as molecule retention time, 
reactor hydrodynamics, and the nature of the membrane material are of significant importance 
for the effective removal of toxic aqueous contaminants. The study also provides 
recommendations for making electrochemical crossflow filtration an effective process for use in 
larger scale applications. 
2. Materials and Methods 
2.1. Materials   
Highly conductive 20 gsm MWNTs blend buckypaper was purchased from Nanotech Labs, NC, 
USA, and was used as received. The MWNTs blend buckypaper used in this crossflow study was 
employed because it provided high durability for the shear flow under crossflow mode. The 
measured purity of the MWNTs buckypaper, as analyzed by Thermogravimetric analysis (TGA) 
was 92%. The specific surface area was measured by Brunauer–Emmett–Teller (BET) and 
determined to be 106.79 m2/g and have a total porosity of 0.4 cm3/gm. The geometrical surface 
area of the flat sheet used in the current study was 50 cm2 for a loading of 102.5 mg/cm2. This 
resulted in an enormous surface area of 109459.75 cm2 and the total pore volume of 0.041 cm3 













membrane (Figure S1, supplementary material), showed a rich collection of MWNTs of different 
diameters ranging from below 20 nm to above 250 nm. Ibuprofen (C13H18O2) with 98% purity 
and a molecular weight of 206.29 g/mol and Bisphenol A (C15H16O2) with 99% purity and a 
molecular weight 228.29 g/mol were purchased from Sigma-Aldrich, Oakville, ON, Canada. 
Sodium chloride with ≥ 99% purity, was purchased from Sigma-Aldrich, Oakville, ON, Canada, 
and was used as a supporting electrolyte in background solutions. Magnesium sulfate, sodium 
bicarbonate, calcium chloride, potassium dihydrogen phosphate, ammonium chloride, and 
trisodium citrate were purchased from Fisher Scientific, Ottawa, ON, Canada, and were used to 
prepare synthetic secondary wastewater effluent. 
2.2. Electrolyte solution  
10 mM NaCl electrolytic solutions (pH 5.7 – 6) were used for the electrochemical crossflow 
filtration of ibuprofen and bisphenol A by a MWNTs blend buckypaper sheet with a geometric 
area of 50 cm2 and 109459.75 cm2 of total surface area (106.79 m2/gm x 0.1025 gm). NaCl was 
used as a background electrolytic species. The current densities were measured at 2.17 x 10¯3, 
4.33 x 10¯3 and 6.42 x 10¯3 mA/cm2, corresponding to 1, 2 and 3 V of applied DC potential 
during the study, respectively. The concentrations of ibuprofen and bisphenol A used in the study 
were 0.5, 1 and 10 mg/L for each chemical. The membrane conductivity before and after 
potential application was found to be around 2.3 x 105 to 2.4 x 105 μS corresponding to 1, 2 and 
3 V.     
2.3. Crossflow electrochemical filtration setup 
Crossflow electrochemical filtration experiments were conducted using a bench-scale, flat-sheet 













MWNTs buckypaper sheets—of identical area (50 cm2) and thickness (52.7 μm)—were used as 
anodes and cathodes. The electrode sheets were connected to the external terminals of an Agilent 
E364A power supply (Agilent Technologies, Rockaway, NJ, USA) using titanium sheets (1 cm x 
5 cm), for application of 1, 2 and 3 V of DC voltage. A porous Teflon rubber separator (2 mm 
thickness)—with the same geometric area as the buckypaper sheets—was used to separate the 
anode from cathode to prevent short-circuiting (Figure S15, supplementary material). The 
influent solution was driven from a feed reservoir into the cell holder via a 75211-10 model, 115 
VAC Gear pump drive (Cole-Parmer Instrument Company, Vernon Hill, USA). The influent was 
driven from the feed container via the gear pump, through tubing and into the crossflow cell, 
where the influent solution made contact with the surface of the buckypaper membrane. The 
effluent was collected from the lower permeate outlet at the lower end of the holder, making sure 
that the solution had passed through the membrane and was subject to its adsorptive and 
electrochemical influence. The concentrate was rejected and was not recirculated to the feed 
reservoir in order to keep the feed concentration at a constant value during experiments. The 
pressure was adjusted to 20-25 psi, resulting in a permeate flow rate of 1 ±0.5 mL/min during 
electrochemical filtration experiments, offering a permeate flux of 2.7 x 10¯3 – 8.2 x 10¯3 L m‾2 
hr‾1. The flow rate was calibrated using a graduated measuring cylinder of 10 mL ± 0.1 total 
volume at the permeate (effluent) outlet. 1 mL of effluent (permeate) samples were collected for 
analysis. The flow rate at the concentrate outlet was measured at 3-4 mL/min.   
2.4. Buckypaper surface characterization and purity 
Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) were performed for 
buckypaper surface inspection and thickness determination using an FEI Inspect F-50 FE-SEM 













Oregon, USA). Thermogravimetric analysis using TA instruments qualified the stability and 
purity, Trios V3.3 (Waters LLC, New Castle, DE, USA) and the analysis protocol was 
performed as previously described [50]. Brunauer-Emmett-Teller (BET) was performed to 
quantify the membrane surface area and total pore volume using a Quantachrome Autosorb 
Automated Gas Sorption System (Autosorb 1, Boynton Beach, Florida, USA), under analysis 
conditions as previously described [50]. 
2.5. Analysis and quantification 
Individual concentrations of ibuprofen and bisphenol A were calculated from the absorbance 
values of samples before and after treatment, at 222 and 225 nm, respectively, using a UV/VIS 
Agilent Cary 8454 spectrophotometer (Santa Clara, CA, USA). In mixed samples of ibuprofen 
and bisphenol A (1:1), a major (220-226 nm) and a minor (273-285 nm) broad spectral peak was 
observed in one spectrum. The average wavelength of the major spectral peak (223 nm) was used 
to determine mixture concentrations. Liquid chromatography-mass spectrometry analysis was 
performed using a maXis impact MALDI Autoflex III-TOF (Bruker Daltonics Inc. 
Massachusetts, USA), in negative ESI mode, using 20 μL of samples for analysis. The ESI 
source capillary voltage was 4500 V, nitrogen gas temperature was 350°C, and the flow rate was 
8 L/min. The nebulizer pressure was maintained at 1 bar. The mass range was 50-1000 m/z with 
internal calibration using reference masses of 119 and 966 m/z in the Agilent reference-mass 
solution. The injection gradient was set to initial conditions of 5% acetonitrile with a 1 min hold, 
which was then increased to 100% at 8 min and held for 1 min. The column was re-equilibrated 












3. Results and discussion 
3.1. Crossflow filtration and electrochemical filtration performance over time 
Crossflow filtration and electrochemical filtration performance were evaluated over time for the 
removal of both ibuprofen and bisphenol A from pure 10 mM NaCl solutions (breakthrough 
experiments). Breakthrough plots were developed to observe the best sorption and 
electrochemical degradation outcomes for the two contaminants using MWNTs buckypaper 
membranes in a crossflow mode. Further, this allowed us to relate the findings to those 
previously reported in the dead-end process. Figure 1 shows the breakthrough plots for 
individual solutions of 1 mg/L ibuprofen and 1 mg/L bisphenol A in pure 10 mM NaCl solution. 
As seen in figure 1 A, ibuprofen sorption kinetics at 0 V were steady, starting at a C/Co value of 
0.12 up to 20 minutes of operation time. This behavior is consistent with previous observations 
from the dead-end filtration of ibuprofen on MWNTs membranes showing C/Co starting at > 0 
value. Such behavior indicates poor adsorption of ibuprofen on MWNTs membranes due to a 
lack of effective hydrophilic surface interactions between the molecule and MWNTs, and the 
presence of hydration shell formation at the polar groups [50].  
However in the current study, sorption seems improved, and the C/Co started at a lower value 
(0.12 at 0 V for Figure 1 A), as compared to our previous observation for dead-end filtration of 
ibuprofen (0.33 at 0 V). This could be attributed to the shear flow, which is most likely providing 
better and more consistent coverage of the molecules at the buckypaper surface, as compared to 
the flow through in dead-end filtration. Additionally, the large surface area (109459.75 cm2) of 
the buckypaper membrane (10-11 fold larger than MWNTs flow through filters used in previous 
dead-end studies) provides more sorption sites. However, and despite this enormous surface area, 













Therefore, breakthrough starts earlier than expected. When 1 V of DC potential was applied 
(Figure 1 A), a slight increase in adsorption capacity was observed, which can be attributed to 
electrostatic interactions taking place between the positively charged surface and the negatively 
charged deprotonated ibuprofen molecules (pKa, 4.9) at pH 5.7-6. Bisphenol A sorption kinetics 
at 0 and 1 V (Figure 1 B) show that near complete removal of the molecule could be observed 
within 10 minutes of sampling time.  
The filtration kinetics were almost identical for bisphenol A at applications of 0 and 1 V, 
indicating that adsorption is likely through hydrophobic surface interactions, due to the neutrality 
of the molecule. The sharper plateauing for ibuprofen adsorption (Figure 1 A), as compared to 
bisphenol A (Figure 1 B) at 0 and 1 V, indicates faster adsorption kinetics for ibuprofen. 
Although the reason for the faster ibuprofen adsorption at 0 V is not apparent, it can be better 
explained in the case of the application of 1 V, namely due to the electrostatic surface 
interactions. Despite the previously reported effect of the large specific surface area of CNTs on 
increasing anode potential and thereby increasing the magnitude of electrooxidation [16, 52, 53], 
the contribution of 1 V of applied DC potential is yet to result in significance in the current 
study. The difference between flux values for 0 V and the application of 1 V for ibuprofen 
removal is 0.12 μg m¯2 hr¯1 (Figure S7 A, supplementary material), and the difference in 
bisphenol A removal is 0.04 μg m¯2 hr¯1 (Figure S7 B, supplementary material). The higher flux 
value for ibuprofen (pKa, 4.9), as contrasted with bisphenol A (pKa 9.6 -11.3), can only, as 
reported previously here, be attributed to the incorporation of electrostatic surface interactions 
toward the adsorption of the former. In our previous dead-end studies, we could not conclude 













higher oxidation potential of ibuprofen and bisphenol A as compared to anode potentials 
corresponding to 1 V of applied potential. 
The overall behavior in the case of application s of both 0 and 1 V is in agreement with our 
previous observations using dead-end filtration, indicating the absence of electrochemical 
activity when 1 V is applied.  
Figure 1.  (A) Breakthrough plots for the removal of 1 mg/L Ibuprofen from 10 mM NaCl and 
(B) for the removal of 1 mg/L bisphenol A from 10 mM NaCl, under 0, 1, 2 and 3 V of applied 
DC potential, applied pressure is 20 psi, permeate flow rate is 1 mL/min and all experiments 
performed at room temperature.   
Previously reported values for electrode potential obtained from our dead-end studies were 0.33 
– 0.35 V vs. Ag/AgCl of anode potential corresponding to 1 V of applied potential. The 
oxidation potentials for ibuprofen and bisphenol A were determined to be 1.13 and 0.75 V, 
respectively.  
The filtration kinetics at 2 and 3 V of applied potential for both contaminants show nearly 
complete removal at up to 300 minutes of sampling time. This outcome demonstrates the 
outstanding electrochemical performance of the MWNTs blend buckypaper in a crossflow 















































configuration. Increasing the applied voltage from 1 V to 3 V increased flux values by around 
4.3 μg m¯2 hr¯1 (Figure S7, supplementary material), which can be confidently attributed to 
electrooxidative degradation. The nearly similar outcomes at 2 and 3 V DC potential application 
confirm that electrooxidation pathways are analogous at these voltages, which are due to the 
contribution from direct electrolysis and indirect oxidation by oxidative intermediates (e.g. 
superoxide and reactive chlorine). Previous superoxide assays from dead-end electrochemical 
filtration showed the formation of the reactive anion radicals on MWNTs at 2 and 3 V of applied 
DC potential. Moreover, it was reported that carbon-based electrodes could provide 
electrocatalytic reductive sites for the efficient production of reactive oxygen species (ROS) 
from diatomic oxygen with high oxidative power [50, 54]. The enormous surface area 
(109459.75 cm2) and the high conductivity (274 – 703 mA corresponding to 1 – 3 V) of MWNTs 
buckypaper, are essential factors in providing superior electrochemical performance at the 
membrane surface at an affordable rate. 
Figure 2 (A and B) shows the breakthrough plots for the treatment of the 1 mg/L (1:1) 
ibuprofen/bisphenol A mixture from 10 mM NaCl solution (Figure 2 A), and from synthetic 
secondary wastewater of the same composition as previously reported (Figure 2 B). The 
synthetic secondary wastewater was composed of 33 mg/L Na3C6H5O7 (as a carbon source), 311 
mg/L NaCl, 18 mg/L MgSO4, 25 mg/L NaHCO3, 22 mg/L CaCl2, 2.3 mg/L KH2PO4 and 8.5 
mg/L NH4Cl, giving a pH of 7.4 and a TOC of 34 mg/L [50, 55, 56]. The breakthrough trends 
are similar to those of individual molecules, shown in Figure 2 A, with breakthrough starting at 
10-20 minutes at 0 V and 25-30 minutes at 1 V. For Figure 2 B, a breakthrough started at 10-20 













secondary wastewater (TOC 34 mg/L), the overall breakthrough behavior is very similar to the 
case of electrofiltration of 10 mM NaCl.  
While in our previous studies on dead-end mode filtration, the breakthrough performance clearly 
deteriorated with synthetic wastewater of the same composition, due to the incorporation of high 
TOC content and the filtration kinetics started at higher C/Co values. This can, again, be 
explained in terms of better surface coverage through the crossflow shearing mechanism, and the 
larger membrane surface area of the buckypaper membrane employed in the current study, as 
compared to constructed MWNTs filters used in dead-end studies. Comparing the performance 
of pure 10 mM NaCl (Figure 2 A) to that from synthetic secondary wastewater effluent (Figure 2 
B) at 1 V of applied DC potential, there is a slight shift to a higher C/Co with the mixture of 
synthetic secondary wastewater. This results in flux dropping by - 0.09 μg m¯2 hr¯1 from 0-1 V 
(Figure S7 D, supplementary material) and an earlier breakthrough (figure 2 B), in addition to a 
reduction in flux by 25%, as compared to the mixture of pure 10 mM NaCl. This may be related 
to the competing effect of citrate molecules (33 mg/L) which constitute a significant portion of 
the synthetic secondary wastewater, and which contain three carboxylate groups per each 
molecule. The presence of citrate resulted in a somewhat rapid blocking and consumption of 
surface sorption sites, motivated by electrostatic interactions, as compared to the electrolytes free 
of organics (Figure 2 A). However, despite the presence of 33 mg/L of citrate in the solution, the 
surface sorption sites within the larger membrane surface area were not exceedingly depleted by 
the effect of the competing citrate molecules. 
When 2 and 3 V of DC potential were applied, near complete removal of the contaminants from 
10 mM NaCl was observed up to 300 minutes of operation time (Figure 2 A). In the case of 













observed starting at 120 minutes and increasing until 270 minutes of operation time. However, 
such deterioration did not result in significant reduction in flux values at applications of 2 and 3 
V in both cases of removal from 10 mM NaCl and synthetic wastewater (5.5 – 5.6 μg m¯2 hr¯1) 
(Figure S7 C and D, supplementary material). The similar flux values confirm that major 
degradation pathways are through indirect oxidation by the interaction of ibuprofen and 
bisphenol A with oxidative intermediates (i.e. superoxide and reactive chlorine) in bulk. This 
observation agrees with our previous observations during dead-end studies. In our previous dead-
end studies, it was observed that bisphenol A is more readily oxidizable at 2 and 3 V as 
compared to ibuprofen, mainly due to the lower oxidation potential of the former [50, 51]. 
Similar outcomes for the removal from pure NaCl solution and synthetic wastewater also show 
that production of reactive species is considerably efficient in both solution conditions. 
Figure 2.  (A) Breakthrough plots for the removal of 1 mg/L Ibuprofen and bisphenol A (1:1) 
mixture from 10 mM NaCl and (B) from synthetic secondary wastewater (TOC 34 mg/L, pH 
7.4), under 0, 1, 2 and 3 V of applied DC potential, applied pressure is 20 psi, permeate flow rate 
is 1 mL/min and all conducted at room temperature.   
The fact that the deterioration is very slight (C/Co = 0.01- 0.035) may, again, be due to the 
combination of efficient surface coverage by the shear flow, the high conductivity, and the 
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enormous surface area, all which contribute to great electrochemical performance as compared to 
the flow-through mechanism in dead-end studies. On the other hand, it was previously reported 
that using conductive carbon-based CNTs as a cathode material contributes toward improving 
anode performance. This is mainly due to the larger specific surface area of CNTs as compared 
to conventional metallic electrodes, which, in turn, leads to a significant reduction of the 
cathodic charge transfer resistance and reflects an increased anode potential. Therefore, the 
magnitude of electrooxidation at the anode surface would be of a greater extent [16].  
3.2. Qualification of Ibuprofen and bisphenol A (1:1) mixture removal, and by-products 
characterization by liquid chromatography mass spectrometry 
Ibuprofen and bisphenol A mixture samples were analyzed by LC-MS before and after crossflow 
electrochemical filtration treatment to obtain an insight into the effectiveness of the process of 
eliminating the two target molecules and reducing their toxicity. A sizeable initial concentration 
of 20 mg/L of a 1:1 ibuprofen and bisphenol A mixture in 10 mM NaCl was used to enhance 
electrochemical reaction kinetics, obtain a significant by-product spectrum, and to avoid spectral 
noise interference from any background species. Figure 3 shows the LC-MS analysis for the 
ibuprofen and bisphenol A mixture before and after treatment under 2 and 3 V of applied DC 
potentials, at 5, 150, and 300 minutes of operation time.   
Figure 3 A shows the overlaid LC chromatograms in which two significant peaks were detected 
in the sample before treatment (blue trace) at retention times (RT) of 7.1 and 8.7 minutes, 
assigned to ibuprofen and bisphenol A, respectively. After treatment under 2 V, the two peaks 
were not detected in the samples obtained at 5 and 150 minutes of operation time, while traces of 













Under 3 V, similar observations were found with fewer traces observed only after 300 minutes. 
Figure 3 B shows the mass spectra corresponding to Figure 3 A, confirming the complete 
removal of ibuprofen (m/z 205) and bisphenol A (m/z 227) within 150 minutes of 
electrochemical filtration. Nine other MS peaks were detected in samples after treatment at m/z 
59, 73, 89, 103, 107, 109, 115, 157 and 171 (Figure S8 to S11, supplementary material). The 
peaks at m/z 107 and 109 were only detected after treatment under 2 V and were predicted to 
correspond to the formation of p-benzoquinone (m/z 107), hydroquinone, and catechol (m/z 
109). Several authors previously detected and reported the formation of hydroquinone and p-
benzoquinone from the degradation of ibuprofen and bisphenol A [57-61].   
Ambuludi, Panizza, Oturan, Özcan and Oturan [57] detected the formation of p-benzoquinone 
from the oxidation of ibuprofen through the hydroxyl radical attack on the parent molecule and a 
consecutive hydroxylation in an electro-Fenton process. Cui, Li and Chen [58] detected the 
formation of hydroquinone and benzoquinone during the electrochemical degradation of 
bisphenol A using different electrode materials in a batch electrolysis process. The authors 
attributed the formation of such single-ring aromatic products from bisphenol A to: the first step 
of Isopropylidene bond cleavage, resulting in the splitting of the molecule, followed by further 
hydroxylation to phenolic intermediates, and the deprotonation of hydroquinone to 
benzoquinone. Moreover, the formation of hydroquinone and benzoquinone is an indication of a 
formation of phenolic derivatives that could herald the formation of unstable polymeric 
compounds during bisphenol A electrolysis [62-66]. Murugananthan, Yoshihara, Rakuma and 
Shirakashi [59], Zhang, Sun and Guan [60], Cui, Li and Chen [58], Gözmen, Oturan, Oturan and 













of hydroquinone and benzoquinone from the degradation of bisphenol A, which is reported to be 
followed by the formation of simple aliphatic carboxylic acids.  
Watanabe, Harada, Matsui, Miyasaka, Okuhata, Tanaka, Nakayama, Kato, Bamba and Hirata 
[68] attributed the formation of a catechol group from bisphenol A firstly to the creation of 
phenolic derivatives at an m/z of 149, which upon further oxidation yields a 1,2-quinone group. 
Such phenolic derivatives at m/z 149 were detected in our previous study on dead-end 
electrochemical filtration of bisphenol A. Thus the formation of the m/z 109 (catechol) suggests 
the same oxidative sequence in the current study. Figure 4 shows a suggested common 
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Figure 3.  LCMS for the treatment of 20 mg/L Ibuprofen and bisphenol A (1:1) mixture from 10 
mM NaCl, where (A) are the overlaid LC chromatograms for mixture before treatment (Blue 
trace) and after treatment (Black traces) and (B) is MS spectra for mixture before treatment (Blue 
trace) and after treatment (Black traces). Applied voltages were 2 and 3 V of applied DC 
potential, applied pressure of 20 psi, and a permeate flow rate of 1 mL/min, all conducted at 
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Figure 4. Possible degradation pathway for ibuprofen and bisphenol A during crossflow 
electrochemical filtration. 
As reported, the formation of single-ring phenolic products could be a common outcome of the 
oxidative degradation of ibuprofen and bisphenol A. The fact that these phenolic products could 
only be detected in the samples obtained from the treatment under 2 V, while at 3 V they were 
not detected (Figure S10, supplementary material), is a clear indication of the effect of increased 
voltage toward faster degradation kinetics. This result also indicates a more efficient 
transformation of the parent molecules and their phenolic products during treatment using the 













18.3 seconds (corresponding to an average flow rate of 1 mL/min), compared to the lower 
residence times in our previous dead-end study on bisphenol A degradation, is another critical 
factor in further degradation to the point of the first formation of aliphatic by-products in the 
current study.    
The degradation pathway starts with cleavage of aliphatic chains in ibuprofen (isobutyl and 
propanoic acid chains) and bisphenol A (Isopropylidene group) by the effect of superoxides or 
other possible ROS. Further hydroxylation would take place at the phenyl and quinoid rings, 
resulting in ring cleavage and subsequent formation of simple aliphatic carboxylic acids. The 
aliphatic carboxylic acids detected in the current study were acetic acid (m/z 59), propanoic acid 
(m/z 73), oxalic acid (m/z 89), malonic acid (m/z 103), and maleic acid (m/z 115). The formation 
of these aliphatic acids also suggests a possibility of further complete mineralization of ibuprofen 
and bisphenol A into the final products of carbon dioxide and water. The observed spectral trend 
of increased intensity of these acids at 3 V as compared to 2 V also indicates their faster and 
more intense production when voltage was raised from 2 to 3 V (Figure S8 to S10, 
supplementary material). 
Other possible chlorinated products could be formed, as indicated by the formation of m/z 157 
and m/z 171 only in the samples treated under 3 V (Figure S11, supplementary material). These 
m/z values were also detected from our previous dead-end electrochemical filtration treatment of 
bisphenol A under 3 V and low flow rate. The m/z values of 157 and 171 suggest that reactive 
chlorine interactions with bisphenol A is of significantly slow kinetics and requires high input 














3.3. Energy consumption for crossflow electrochemical filtration 
The energy consumption per volume treated for crossflow electrochemical filtration was 
calculated for the removal of individual and mixture solutions of ibuprofen and bisphenol A. The 
energy consumption values were found to be around 7.5 KWh m ‾3, corresponding to 2 V of 
applied potential and 17 KWh m ‾3, corresponding to 3 V (Figure S12, supplementary material). 
These values put crossflow electrochemical filtration within previously reported energy 
consumption ranges of the state-of-the-art electrochemical oxidation processes, yet below 
maximum reported values (0.1- 40 KWh m ‾3)[16]. This makes crossflow a highly competitive 
process for removal of trace contaminants, given the substantial advantages of crossflow 
electrochemical filtration, such as: the significant antifouling capacity, the more efficient solute 
transfer under hydrodynamic flow, and the higher time efficiency in removing trace organic 
contaminants, which are hardly removed by conventional electrooxidation processes and require 
long operation hours for satisfactory outcomes. However, comparing the energy consumption of 
crossflow electrochemical filtration to previously reported values for dead-end electrochemical 
filtration shows higher values for the former, and as such, is the only limitation for crossflow 
process as compared to dead-end [16, 50, 51]. This is attributed to the large-blend buckypaper 
membrane filter surface area employed in the current study, the high conductivity, and the long 
solute retention.  
4. Conclusion  
A superconductive MWNTs blend buckypaper membrane was successfully employed in an 
electrochemical filtration treatment for two emerging contaminants, ibuprofen and bisphenol A, 













evaluated individually and in a mixture of 1:1 equimolar composition. It was shown that the 
crossflow configuration shows excellent potential in eliminating the two contaminants in 
individual and mixture solutions. The superior electrochemical efficiency of the crossflow mode 
in the elimination of the two contaminants was mainly attributed to the shear flow, which likely 
leads to a consistent surface coverage and the excellent conductivity of the MWNTs blend 
buckypaper membrane when 2 and 3 V DC potentials were applied. The long residence time of 
18.3 seconds led to a significant degradation outcome of the two contaminants and their toxic 
aromatic products, at both 2 and 3 V of applied DC potential. The LCMS analysis showed 
complete removal of the two target contaminants, and the total degradation of their phenolic 
products into aliphatic carboxylic acids at 3 V. This outcome offers a significant indication that 
there is a possibility of complete degradation into the final products of carbon dioxide and water 
during the process.    
Acknowledgements  
This note is to acknowledge the financial contributions of the Natural Sciences and Engineering 
Research Council (NSERC) of Canada and Concordia University.  
References 
[1] J. Madhavan, F. Grieser, M. Ashokkumar, Combined advanced oxidation processes for the 
synergistic degradation of ibuprofen in aqueous environments, Journal of Hazardous Materials, 
178 (2010) 202-208. 
[2] S. Ahmadzadeh, M. Dolatabadi, In situ generation of hydroxyl radical for efficient 














[3] S. Ahmadzadeh, M. Dolatabadi, Modeling and kinetics study of electrochemical peroxidation 
process for mineralization of bisphenol A; a new paradigm for groundwater treatment, Journal of 
Molecular Liquids, 254 (2018) 76-82. 
[4] S. Ahmadzadeh, M. Dolatabadi, Removal of acetaminophen from hospital wastewater using 
electro-Fenton process, Environmental Earth Sciences, 77 (2018) 53. 
[5] S. Ahmadzadeh, A. Asadipour, M. Yoosefian, M. Dolatabadi, Improved electrocoagulation 
process using chitosan for efficient removal of cefazolin antibiotic from hospital wastewater 
through sweep flocculation and adsorption: kinetic and isotherm study, Desalination and Water 
Treatment, 92 (2017) 160-171. 
[6] M. Yoosefian, S. Ahmadzadeh, M. Aghasi, M. Dolatabadi, Optimization of 
electrocoagulation process for efficient removal of ciprofloxacin antibiotic using iron electrode; 
kinetic and isotherm studies of adsorption, Journal of Molecular Liquids, 225 (2017) 544-553. 
[7] S. Ahmadzadeh, A. Asadipour, M. Pournamdari, B. Behnam, H.R. Rahimi, M. Dolatabadi, 
Removal of ciprofloxacin from hospital wastewater using electrocoagulation technique by 
aluminum electrode: Optimization and modelling through response surface methodology, 
Process Safety and Environmental Protection, 109 (2017) 538-547. 
[8] S. Ahmadzadeh, M. Dolatabadi, Electrochemical treatment of pharmaceutical wastewater 
through electrosynthesis of iron hydroxides for practical removal of metronidazole, 
Chemosphere, 212 (2018) 533-539. 
[9] M. Fouladgar, S. Ahmadzadeh, Application of a nanostructured sensor based on NiO 
nanoparticles modified carbon paste electrode for determination of methyldopa in the presence of 













[10] A. Pardakhty, S. Ahmadzadeh, S. Avazpour, V.K. Gupta, Highly sensitive and efficient 
voltammetric determination of ascorbic acid in food and pharmaceutical samples from aqueous 
solutions based on nanostructure carbon paste electrode as a sensor, Journal of Molecular 
Liquids, 216 (2016) 387-391. 
[11] M. Rezayi, L.Y. Heng, A. Kassim, S. Ahmadzadeh, Y. Abdollahi, H. Jahangirian, 
Immobilization of Ionophore and Surface Characterization Studies of the Titanium(III) Ion in a 
PVC-Membrane Sensor, Sensors, 12 (2012). 
[12] S. Ahmadzadeh, A. Kassim, M. Rezayi, Y. Abdollahi, G.H. Rounaghi, A Conductometric 
Study of Complexation Reaction Between Meso-octamethylcalix[4]pyrrole with Titanium Cation 
in Acetonitrile–Ethanol Binary Mixtures, Int. J. Electrochem. Sci., 6 (2011) 4749-4759. 
[13] S. Ahmadzadeh, M. Rezayi, H. Karimi-Maleh, Y. Alias, Conductometric measurements of 
complexation study between 4-Isopropylcalix[4]arene and Cr3+ cation in THF–DMSO binary 
solvents, Measurement, 70 (2015) 214-224. 
[14] S. Ahmadzadeh, M. Rezayi, A. Kassim, M. Aghasi, Cesium selective polymeric membrane 
sensor based on p-isopropylcalix[6]arene and its application in environmental samples, RSC 
Advances, 5 (2015) 39209-39217. 
[15] K. Anuar, R. Majid, A. Saeid, R. Gholamhossein, M. Masoomeh, Y. Noor Azah, T. Tan 
Wee, H. Lee Yook, A. Abd Halim, A Novel Ion – selective Polymeric Membrane Sensor for 
Determining Thallium(I) With High Selectivity, IOP Conference Series: Materials Science and 
Engineering, 17 (2011) 012010. 
[16] Y. Liu, H. Liu, Z. Zhou, T. Wang, C.N. Ong, C.D. Vecitis, Degradation of the Common 
Aqueous Antibiotic Tetracycline using a Carbon Nanotube Electrochemical Filter, 













[17] C. Boo, M. Elimelech, S. Hong, Fouling control in a forward osmosis process integrating 
seawater desalination and wastewater reclamation, Journal of Membrane Science, 444 (2013) 
148-156. 
[18] M.H. Al-Malack, G.K. Anderson, Use of crossflow microfiltration in wastewater treatment, 
Water Research, 31 (1997) 3064-3072. 
[19] M.H. Al-Malack, Technical and economic aspects of crossflow microfiltration, 
Desalination, 155 (2003) 89-94. 
[20] J. Zhang, Y. Sun, Q. Chang, X. Liu, G. Meng, Improvement of crossflow microfiltration 
performances for treatment of phosphorus-containing wastewater, Desalination, 194 (2006) 182-
191. 
[21] S. Ripperger, J. Altmann, Crossflow microfiltration ? state of the art, Separation and 
Purification Technology, 26 (2002) 19-31. 
[22] V. Gekas, B. Hallstrom, Microfiltration membranes, cross-flow transport mechanisms and 
fouling studies, Desalination, 77 (1990) 195-218. 
[23] Q. Gan, Evaluation of solids reduction and backflush technique in crossflow microfiltration 
of a primary sewage effluent, Resources, Conservation and Recycling, 27 (1999) 9-14. 
[24] J.K. Thomassen, D.B.F. Faraday, B.O. Underwood, J.A.S. Cleaver, The effect of varying 
transmembrane pressure and crossflow velocity on the microfiltration fouling of a model beer, 
Separation and Purification Technology, 41 (2005) 91-100. 
[25] L. Vera, R. Villarroel-Lopez, S. Delgado, S. Elmaleh, Cross-flow microfiltration of 
biologically treated wastewater, Desalination, 114 (1997) 65-75. 
[26] M.H. Al-Malack, G.K. Anderson, Crossflow microfiltration with dynamic membranes, 













[27] M.H. Al-Malack, G.K. Anderson, A. Almasi, Treatment of anoxic pond effluent using 
crossflow microfiltration, Water Research, 32 (1998) 3738-3746. 
[28] M.A. Kazemi, M. Soltanieh, M. Yazdanshenas, Mathematical modeling of crossflow 
microfiltration of diluted malt extract suspension by tubular ceramic membranes, Journal of 
Food Engineering, 116 (2013) 926-933. 
[29] S.M. Bailey, M.M. Meagher, The effect of denaturants on the crossflow membrane filtration 
of Escherichia coli lysates containing inclusion bodies, Journal of Membrane Science, 131 
(1997) 29-38. 
[30] Y. El Rayess, C. Albasi, P. Bacchin, P. Taillandier, J. Raynal, M. Mietton-Peuchot, A. 
Devatine, Cross-flow microfiltration applied to oenology: A review, Journal of Membrane 
Science, 382 (2011) 1-19. 
[31] H.M. Huotari, I.H. Huisman, G. Tragardh, Electrically enhanced crossflow membrane 
filtration of oily waste water using the membrane as a cathode, Journal of Membrane Science, 
156 (1999) 49-60. 
[32] H.M. Huotari, G. Trägårdh, I.H. Huisman, Crossflow Membrane Filtration Enhanced by an 
External DC Electric Field: A Review, Chemical Engineering Research and Design, 77 (1999) 
461-468. 
[33] G. Akay, R.J. Wakeman, Electric field enhanced crossflow microfiltration of 
hydrophobically modified water soluble polymers, Journal of Membrane Science, 131 (1997) 
229-236. 
[34] R.J. Wakeman, E.S. Tarleton, Membrane fouling prevention in crossflow microfiltration by 













[35] C.-J. Chuang, C.-Y. Wu, C.-C. Wu, Combination of crossflow and electric field for 
microfiltration of protein/microbial cell suspensions, Desalination, 233 (2008) 295-302. 
[36] A.D. Enevoldsen, E.B. Hansen, G. Jonsson, Electro-ultrafiltration of industrial enzyme 
solutions, Journal of Membrane Science, 299 (2007) 28-37. 
[37] S.H. Molla, S. Bhattacharjee, Prevention of colloidal membrane fouling employing 
dielectrophoretic forces on a parallel electrode array, Journal of Membrane Science, 255 (2005) 
187-199. 
[38] T. Weigert, J. Altmann, S. Ripperger, Crossflow electrofiltration in pilot scale, Journal of 
Membrane Science, 159 (1999) 253-262. 
[39] G.C.C. Yang, T.-Y. Yang, Reclamation of high quality water from treating CMP wastewater 
by a novel crossflow electrofiltration/electrodialysis process, Journal of Membrane Science, 233 
(2004) 151-159. 
[40] G.C.C. Yang, T.-Y. Yang, S.-H. Tsai, Crossflow electro-microfiltration of oxide-CMP 
wastewater, Water Research, 37 (2003) 785-792. 
[41] Q. Zhang, C.D. Vecitis, Conductive CNT-PVDF membrane for capacitive organic fouling 
reduction, Journal of Membrane Science, 459 (2014) 143-156. 
[42] T.Y. Chiu, F.J. Garcia Garcia, Critical flux enhancement in electrically assisted 
microfiltration, Separation and Purification Technology, 78 (2011) 62-68. 
[43] Y.-T. Lin, M. Sung, P.F. Sanders, A. Marinucci, C.P. Huang, Separation of nano-sized 
colloidal particles using cross-flow electro-filtration, Separation and Purification Technology, 58 
(2007) 138-147. 
[44] Y.-H. Weng, K.-C. Li, L.H. Chaung-Hsieh, C.P. Huang, Removal of humic substances (HS) 













[45] W. Duan, A. Ronen, S. Walker, D. Jassby, Polyaniline-Coated Carbon Nanotube 
Ultrafiltration Membranes: Enhanced Anodic Stability for In Situ Cleaning and Electro-
Oxidation Processes, ACS Applied Materials & Interfaces, 8 (2016) 22574-22584. 
[46] A.V. Dudchenko, J. Rolf, K. Russell, W. Duan, D. Jassby, Organic fouling inhibition on 
electrically conducting carbon nanotube–polyvinyl alcohol composite ultrafiltration membranes, 
Journal of Membrane Science, 468 (2014) 1-10. 
[47] W. Duan, A. Ronen, J.V. de Leon, A. Dudchenko, S. Yao, J. Corbala-Delgado, A. Yan, M. 
Matsumoto, D. Jassby, Treating anaerobic sequencing batch reactor effluent with electrically 
conducting ultrafiltration and nanofiltration membranes for fouling control, Journal of 
Membrane Science, 504 (2016) 104-112. 
[48] W. Duan, G. Chen, C. Chen, R. Sanghvi, A. Iddya, S. Walker, H. Liu, A. Ronen, D. Jassby, 
Electrochemical removal of hexavalent chromium using electrically conducting carbon 
nanotube/polymer composite ultrafiltration membranes, J. Membr. Sci., 531 (2017) 160-171. 
[49] M.S. Rahaman, C.D. Vecitis, M. Elimelech, Electrochemical carbon-nanotube filter 
performance toward virus removal and inactivation in the presence of natural organic matter, 
Environ. Sci. Technol., 46 (2012) 1556-1564. 
[50] A.R. Bakr, M.S. Rahaman, Electrochemical efficacy of a carboxylated multiwalled carbon 
nanotube filter for the removal of ibuprofen from aqueous solutions under acidic conditions, 
Chemosphere, 153 (2016) 508-520. 
[51] A.R. Bakr, M.S. Rahaman, Removal of bisphenol A by electrochemical carbon-nanotube 
filter: Influential factors and degradation pathway, Chemosphere, 185 (2017) 879-887. 
[52] L.R.F. A.J. Bard, Electrochemical Methods, Fundamentals and Applications, second ed., 













[53] M.H. Schnoor, C.D. Vecitis, Quantitative Examination of Aqueous Ferrocyanide Oxidation 
in a Carbon Nanotube Electrochemical Filter: Effects of Flow Rate, Ionic Strength, and Cathode 
Material, The Journal of Physical Chemistry C, 117 (2013) 2855-2867. 
[54] C. Song, J. Zhang, Electrocatalytic oxygen reduction reaction, in: J. Zhang (Ed.) PEM fuel 
cell electrocatalysts and catalyst layers, Springer London, 2008, pp. 89-134. 
[55] P. Glueckstern, M. Priel, E. Gelman, N. Perlov, Wastewater desalination in Israel, 
Desalination, 222 (2008) 151-164. 
[56] S.E. Kwan, E. Bar-Zeev, M. Elimelech, Biofouling in forward osmosis and reverse osmosis: 
Measurements and mechanisms, Journal of Membrane Science, 493 (2015) 703-708. 
[57] S.L. Ambuludi, M. Panizza, N. Oturan, A. Özcan, M.A. Oturan, Kinetic behavior of anti-
inflammatory drug ibuprofen in aqueous medium during its degradation by electrochemical 
advanced oxidation, Environmental Science and Pollution Research, 20 (2013) 2381-2389. 
[58] Y.-h. Cui, X.-y. Li, G. Chen, Electrochemical degradation of bisphenol A on different 
anodes, Water Res., 43 (2009) 1968-1976. 
[59] M. Murugananthan, S. Yoshihara, T. Rakuma, T. Shirakashi, Mineralization of bisphenol A 
(BPA) by anodic oxidation with boron-doped diamond (BDD) electrode, J. Hazard. Mater., 154 
(2008) 213-220. 
[60] J. Zhang, B. Sun, X. Guan, Oxidative removal of bisphenol A by permanganate: kinetics, 
pathways and influences of co-existing chemicals, Sep. Purif. Technol., 107 (2013) 48-53. 
[61] A. Boscolo Boscoletto, F. Gottardi, L. Milan, P. Pannocchia, V. Tartari, M. Tavan, R. 
Amadelli, A. Battisti, A. Barbieri, D. Patracchini, G. Battaglin, Electrochemical treatment of 













[62] B. Gözmen, M.A. Oturan, N. Oturan, O. Erbatur, Indirect electrochemical treatment of 
bisphenol A in water via electrochemically generated fenton's reagent, Environ. Sci. Technol., 37 
(2003) 3716-3723. 
[63] S. Tanaka, Y. Nakata, T. Kimura, Yustiawati, M. Kawasaki, H. Kuramitz, Electrochemical 
decomposition of bisphenol A using Pt/Ti and SnO2/Ti anodes, Journal of Applied 
Electrochemistry, 32 (2002) 197-201. 
[64] G. Mengoli, M.M. Musiani, Protective coatings on iron by anodic oxidation of phenols in 
oxalic acid medium, Electrochimica Acta, 31 (1986) 201-210. 
[65] J.D. Rodgers, W. Jedral, N.J. Bunce, Electrochemical Oxidation of Chlorinated Phenols, 
Environmental Science & Technology, 33 (1999) 1453-1457. 
[66] X.-y. Li, Y.-h. Cui, Y.-j. Feng, Z.-m. Xie, J.-D. Gu, Reaction pathways and mechanisms of 
the electrochemical degradation of phenol on different electrodes, Water Research, 39 (2005) 
1972-1981. 
[67] H. Katsumata, S. Kawabe, S. Kaneco, T. Suzuki, K. Ohta, Degradation of bisphenol A in 
water by the photo-Fenton reaction, Journal of Photochemistry and Photobiology A: Chemistry, 
162 (2004) 297-305. 
[68] I. Watanabe, K. Harada, T. Matsui, H. Miyasaka, H. Okuhata, S. Tanaka, H. Nakayama, K. 
Kato, T. Bamba, K. Hirata, Characterization of bisphenol A metabolites produced by Portulaca 
oleracea cv. by liquid chromatography coupled with tandem mass spectrometry, Biosci., 
Biotechnol., Biochem., 76 (2012) 1015-1017. 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
